In heart cells, several plasma membrane ion channels are targets for phosphorylation. However, it is not known whether sarcoplasmic reticulum (SR) ion channels, which are also essential in the regulation of cardiac function, are regulated by second-messenger systems. Here, we show that a Cl-channel in the cardiac SR membrane is activated by the catalytic subunit of protein kinase A (PKA). Purified cardiac heavy SR vesicles were incorporated into planar lipid bilayers. This channel spontaneously inactivated within a few minutes after the channel was incorporated into the bilayer. Mg-ATP (2-5 mM), but not the nonhydrolyzable ATP analogue 5'-adenylylimidodiphosphate, added to the cis solution prevented this spontaneous channel inactivation. After the inactivation process occurred, the catalytic subunit of PKA (with 0.05 mM Mg-ATP) reactivated this channel. These effects of Mg-ATP and PKA on the Cl-channel were prevented by an inhibitor of PKA. Thus, these results suggest that this SR Cl-channel is a novel target of PKA-dependent phosphorylation in cardiac muscle regulation. (Circulation Research 1992;71:585-589) KEY WoRDs * chloride channel * sarcoplasmic reticulum * phosphorylation * protein kinase A * single-channel recording
['H]Ryanodine binding to this preparation has been examined to characterize the purity of the SR membrane. '19 Purified cardiac heavy SR vesicles were incorporated into planar lipid bilayers. The planar lipid bilayer was composed of brain phosphatidylethanolamine and brain phosphatidylserine (Avanti Polar Lipids, Alabaster, Ala.), at a ratio of 1:1, dissolved in decane (20 mg/ml). SR vesicles were added to the cis chamber and fused into the lipid bilayer formed in the hole (0.3 mm in diameter) in a Lexan polycarbonate partition. In the present experiments, the cis chamber was defined as the side to which SR vesicles were added, and the opposite side was referred to as the trans chamber. The cis chamber was equivalent to the cytoplasmic side of the incorporated channel, and the trans chamber was equivalent to the lumen of the SR as determined previously.10"3 Applied voltages were defined with respect to the trans chamber held at ground. Channel activities were recorded at room temperature (22±1°C), amplified by a patch-clamp amplifier (Axopatch, Axon Instruments, Inc., Foster City, Calif.), and stored on a videocassette tape recorder through a PCM converter system (RP-880, NF Instruments, Yokohama, Japan) digitized at 40 kHz. Data were reproduced and low-passfiltered at 500 Hz (-3 dB) by a bessel filter (48 dB per octave attenuation), sampled at 5 kHz, and analyzed off-line on a computer (PC 286, IBM). For 
Results

Single-Channel Recordings of Chloride Channel in SR
Purified cardiac heavy SR vesicles were incorporated into planar lipid bilayers. By using 500 mM CsCl in the cis and 50 mM CsCl in the trans chamber solutions, several kinds of ion channels were identified in the bilayer as reported previously24: At 0 mV, Cs+ current flowed through the ryanodine-receptor channel in the outward direction, and Cl-channel currents flowed in the inward direction in the same bilayers. When sarcolemmal vesicles, instead of heavy SR vesicles, were incorporated into the bilayer, we could detect neither the ryanodine-receptor channel currents nor the Clchannel currents (in nine of nine experiments). Figure  1A shows recordings of Cl-channels reconstituted into the planar lipid bilayer at various holding potentials. The Cl-channel open probability was not affected by [Ca 2+]cis between 0.01 and 10 ,uM (not shown) and was constant at =0.9 between -40 and + 100 mV ( Figures  1A and 1C) . Thus, like agonist-activated sarcolemmal Cl-channels in airway epithelial cells25 and cardiac myocytes,5 openings of this SR Cl-channel were neither Ca2+ dependent or voltage dependent.
The current-voltage relation of the unitary Cl-channel exhibited slight outward-going rectification ( Figure  1B ). With 500 mM Cl-, the slope conductance of the inward current was 116 pS (n=22), and the reversal potential was +60 mV. With 250 mM Cl-, the slope conductance decreased to 71 pS (n =5), and the reversal potential shifted to +42 mV ( Figure 1B) 
anion channel blocker DNDS (0.1-1 mM), blocked this channel completely when added to the cis solution ( Figure 1C , n =4). From these results, it was concluded that the channel recorded here was a Cl-permeable anion channel. A different kind of Cl-channel, whose slope conductance was 75 pS at 500 mM [Cl-ci,, could also be detected. However, this 75-pS Cl-channel was not usually observed (in 35 of 292 experiments), and we did not analyze its properties in detail. Thus, we specifically examined the 116-pS Cl-channel in this study.
Inactivation and Reactivation of the Cl-Current
Openings of the 116-pS Cl-channel persisted only for 1.4±1.3 minutes (n=15) after being incorporated into the lipid bilayer (Figure 2a) . However, when 5 mM Mg-ATP was added to the cis solution, channel openings were maintained until the experiments were interrupted by the break of bilayer (>8.9±5.4 minutes, n=10, p<0.005 compared with the control condition) (Figure 2b ). This observation suggests that adenine nucleotide, Mg2+, or phosphorylation might regulate the Cl-channel. Therefore, the following experiments were performed to test these possibilities.
First, we examined the effects of adenine nucleotide on the Cl-channel. The nonhydrolyzable ATP analogue AMP-PNP (2 mM) added to the cis solution, either in the presence or absence of 2 mM Mg2+, did not activate the Cl-channel after inactivation (n=9) (Figure 2c) . ATP (0.3-5 mM) with 2 mM Mg2+ could reactivate the channel (n=6) (Figure 2c (Figure 2e ). These results indicate that both ATP and Mg2+ are necessary to maintain the channel activity and suggest that phosphorylation may be involved in the Mg-ATP-mediated channel activation. Consistent with this notion, the protein kinase inhibitor (20 ,uM) specific for PKA prevented the activation of this Cl-channel by Mg-ATP (n=4) (Figure 2f ).
In Figure 3 , we examined effects of the catalytic subunit of PKA on the Cl-channel. After the complete inactivation of the Cl-channel, the catalytic subunit (60-148 ng/ml from 3.5 ,tM PKA) with 0.05 mM Mg-ATP was added to the cis solution. In nine of nine experiments, the Cl-channel openings resumed immediately after application of the catalytic subunit ( Figure  3a) . The boiled subunit did not activate the channel in four of four experiments (Figure 3b ). The protein kinase inhibitor (10 /LM) prevented the catalytic subunit-mediated reactivation of the channel in five of five experiments (Figure 3c) .
The kinetic properties of the Cl-channel before inactivation and after reactivation by the catalytic subunit of PKA were compared in Figures 3d and 3e (20 ,uM) was added into the cis solution after the channel was inacti- with the exception of a report that chloride conductance in endocytic vesicles from the rabbit proximal tubule is activated by phosphorylation through a cAMP-dependent protein kinase.17
The Cl-channel in the present study was consistently detected in the lipid bilayer containing cardiac heavy SR vesicles (in 263 of 292 experiments). This Clchannel was not detected when sarcolemmal vesicles were incorporated into the bilayer (in zero of nine experiments). Furthermore, the sarcolemmal Cl-channel incorporated into the lipid bilayer had different kinetic and conductance properties from those examined in this study.14 Therefore, the 116-pS Cl-channel in this report was most likely derived from the cardiac SR membrane. Another type of SR Cl-channel, whose conductance was 55 pS with 260 mM Cl-, was previously reported in cardiac muscle. 15 the open probability was not voltage dependent between -40 and +100 mV. Furthermore, Mg-ATP did not affect the activity of the small Cl-channel. Therefore, the small SR Cl-channel previously reported by Rousseau15 is presumably different from the 116-pS Clchannel examined in this study. In rabbit skeletal muscle, a large-conductance anion-selective channel in SR, whose slope conductance was 200 pS with 100 mM Cl, was reported. 26 However, the open probability of the skeletal SR Cl-channel was voltage dependent, and the regulation of the channel by intracellular second messengers has not yet been examined.
Our results showed that Mg-ATP prevented the spontaneous channel inactivation of this Cl-channel and also reactivated this channel after inactivation without adding exogenous kinases (Figure 2 ). These effects of Mg-ATP on the Cl-channel were prevented by an inhibitor for PKA. Therefore, it is speculated that PKA may be contained in the native SR vesicles. Recently, Chung et a127 reported the protein kinase activity closely associated with a reconstituted calcium-activated potassium channel. The endogenous protein kinase may be intrinsically associated with this Cl-channel protein. Although the physiological role of the monovalent ion permeability of the SR membrane has not yet been clarified, it is postulated that the passive distribution of monovalent ions, such as K' and Cl-, across the SR membrane can neutralize the potential generated by Ca2' release through the ryanodine-receptor channel from cardiac SR, resulting in the facilitation of Ca2' uptake by SR during relaxation.'2 For this neutralization, it is expected that K' flows into SR and Cl-flows out of SR during Ca2' release. The Cl-channel in this study may possibly contribute to the neutralization of the potential across the SR membrane generated by Ca 2 uptake through the calcium pump during relaxation. However, further studies are needed to elucidate exact roles of the SR Cl-channel and its modulation by second messengers in the physiological regulation of cardiac function.
